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I. INTRODUCTION 
When a pile is embedded vertically in a sediment bed, 
scour takes place near the pile by the action of waves or 
current. Determination of the magnitude of scour is of 
immense practical importance from viewpoint of the 
safety of the foundation of marine and river structures, 
such as offshore platforms, subsea templates, bridges etc, 
as excessive scour at piles is harmful for the structures. 
Scour at piles under waves has been studied by Chiew 
[1], Sumer et al. [2, 3], and Sumer and Fredsøe [4]. 
Alternatively, scour at piles under steady current has been 
well explored [5-12]. Review of the important 
experiments and field studies on scour at piers or piles 
under waves and currents was put forward by Breusers et 
al. [13], Breusers and Raudkivi [14], Dey [15], Melville 
and Coleman [16] and Sumer and Fredsøe [17].  
Efforts have been given in finding consistent ways to 
control scour depth at piles. For instance, armoring 
techniques include riprap, cable-tied blocks, tetrapods etc. 
placed at the pier or pile base [18]; and flow alteration 
techniques are adopted by sacrificial piles in front of piers 
[5, 19], circular collars around piers [20], submerged 
vanes [21] and slot through piers [22]. Importantly, the 
existing scour-control measures seem to be expensive.  
The aim of the present study is to find out the 
effectiveness of the splitter-plate attached to the pile and 
the threaded pile (helical wires or cables wrapped spirally 
on the pile) for controlling scour at circular piles under 
waves. In addition, in steady current, the scour reduction 
efficiency of threaded piles was explored.  
II. EXPERIMENTAL SETUP AND PROCEDURE 
A. Experiments in Wave Flume 
Experiments were conducted in a wave flume of 0.6 m 
wide, 0.8 m depth and 26.5 m length. The mean water 
depth was maintained constant at 0.40 m for all the tests 
with waves. Piles of diameters 4 cm and 6 cm were tested 
for scouring in a uniform bed sand of median diameter 0.2 
mm. The critical Shields parameter θc for the bed sand 
was 0.056; and the wave experiments were run for live-
bed scour condition. Two types of scour control devices 
studied were: (a) splitter-plate attached to the pile along 
the vertical plane of symmetry [Fig. 1(a)]; and (b) 
threaded pile (helical wires or cables wrapped spirally on 
the pile) [Fig. 1(b)]. Splitter-plate was 0.45 m wide 
attached vertically to the pile facing the flow. For threaded 
piles, helical wires of diameters 2 cm and 3 cm were 
wrapped spirally on the pile surface to form circular 
thread. The thread angles α for piles of diameters 4 cm 
and 6 cm were 65° and 60°, respectively. Only the single 
threaded case was tested in waves. In the experiments, 
programmable piston-type wave generator generated the 
monochromatic waves. To avoid wave breaking, care was 
taken so that the wave height did not exceed 40 % of the 
mean flow depth. A Dutch-beach type wave absorber 
placed at the downstream end of the flume was used to 
absorb the reflection of the waves. Experiments were 
started with leveled sediment beds, and the tests continued 
for a period of 30 - 45 min until the scour process 
generated an equilibrium scour hole. In order to have a 
comparative study, for each test, scour at an unprotected 
pile was performed simultaneously with the protected 
piles. A micro-propeller meter was placed 10 cm above 
the leveled sand bed to measure the instantaneous 
oscillatory flow velocity over a period of time. A 
miniature underwater video camera was held near the sand 
bed to visualize the flow and the scouring process at the 
pile. The bed sand acted as a tracer to visualize the flow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Splitter-plate attached to the pile along the vertical plane of 
symmetry; and (b) threaded pile (helical wires or cables wrapped 
spirally on the pile to form thread) 
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B. Estimation of Parameters Related to Waves 
Wave period T was put up in the experiments through 
a programmable piston-type wave generator. The 
maximum value of the outer oscillatory velocity Um was 
detected by a micro-propeller meter. Therefore, the 
maximum value of undisturbed shear velocity Ufm is 
calculated by  
5.0)2/( fUU mfm =                           (1)  
where f is the friction coefficient. In steady currents, Ufm 
and Um are replaced by the undisturbed shear velocity Vf 
and the average approaching flow velocity V, 
respectively. According to Fredsøe and Deigaard [23], the 
friction coefficient f can be given by  
25.0)/(04.0)50/( −=> εε aaf                   (2)  
75.0)/(4.0)50/( −=> εε aaf                    (3)  
where a is the amplitude of wave; ε is the equivalent 
roughness height of Nikuradse, assumed as 2d50; and d50 
is the median diameter of sand. The amplitude a can be 
estimated as a first approximation from  
)2/( piTUa m=                              (4)  
The Shields parameter θ is given by  
)/( 502 gdU fm ∆=θ                            (5)  
where ∆ is s – 1; s is the relative density of sand; and g is 
the gravitational acceleration. The Shields parameter θ 
becomes critical Shields parameter θc, when Ufm 
approaches critical value for the initial movement of bed 
sand. For scour at piles under wave, the scour depth is 
characterized by the Keulegan-Carpenter (KC) number 
[2, 3], which is defined by  
DTUKC m /=                               (6)  
where D is the pile diameter.  
C. Experiments in Current Flume 
The experiments were carried out in a current flume 
of 20 m long, 0.9 m wide and 0.7 m deep. A circular pile 
of 20 cm diameter was placed in a sand recess of 2.4 m 
long, 0.9 m wide and 0.3 m deep, which contained 
uniform sand (median diameter, d50 = 0.26 mm). The 
critical Shields parameter θc for the bed sand was 0.048. 
Synthetic cables of diameter 1 cm, 1.5 cm and 2 cm were 
wrapped spirally on the surface of the pile to form 
circular threads. The thread angles provided were 15° and 
30°. For each combination of cable size and thread angle, 
single, double and triple threaded piles were tested [Fig. 
1(b)]. The sand recess was located at 10 m downstream of 
the flume inlet. In order to maintain the same level of the 
sand-bed (in the sand recess), a false floor was 
constructed at an elevation of 0.3 m from the flume 
bottom through out the length of the flume. Uniform sand 
having same size as that used for the scouring test was 
glued over the false floor. A calibrated V-notch weir, 
fitted at the inlet of the flume, was used to measure the 
flow discharge. In the flume, the flow depth was 
controlled by a tailgate. During the experiments, the 
approaching flow depth was kept constant as 0.30 m; and 
the average approaching flow velocity V was set as 0.262 
m/s, which satisfied a clear-water scour condition for 
which V = 0.9Vc; where Vc = critical average velocity for 
sand particles (= 0.291 m/s, for d50 = 0.26 mm). Unlike 
the wave case, the maximum scour depth, in steady 
current, is obtained under clear-water condition, when V 
→ Vc. As, in the experiment, it was difficult to maintain 
undisturbed upstream bed for V = Vc, the tests were 
conducted for V = 0.9Vc. The experiments were run under 
a clear-water scour condition for a period of 48 h when an 
equilibrium state of scour reached. For unprotected pile 
(without thread), equilibrium scour depth S measured was 
9.5 cm.  
The instantaneous 3D velocity components were 
detected by a SonTek made 5 cm downlooking acoustic 
Doppler velocimeter (ADV). The ADV functioned on a 
pulse-to-pulse coherent Doppler shift to provide 
instantaneous 3D velocity components at a rate of 50 Hz. 
Output data from ADV was filtered using spike removal 
algorithm. The ADV readings were taken along the 
upstream plane of symmetry of the pile to recognize the 
effect of the spirally wrapped cables around the piles on 
the vortex flow field.  
III. RESULTS AND DISCUSSIONS 
A. Scour under Wave 
The main parameter to govern the equilibrium scour 
depth at a pile under waves is the KC number [2]. For 6 < 
KC < 100, the vortex shedding is the principal 
mechanism of scour process [2, 3]. The mechanism of 
scour under waves is based on the vortex shedding that 
each shed vortex sweeps the sediment as if it were a 
tornado carrying sediment particles into its core to 
deposit them away from the pile, while it is convected 
downstream. As a result of which, a net scour around the 
pile is formed in each half period. Sumer et al. [3] 
reported that no vortex shedding takes place, when KC < 
6 for circular piles. Therefore, for KC ≥ 6, scour occurs 
near the pile and attains an equilibrium stage through a 
transition period being approximately 30 - 45 min. The 
scour depth that corresponds to this stage is termed 
equilibrium scour depth S. The underwater video 
photographs reveal that the equilibrium scour depth in 
live-bed scour slightly fluctuates (about 5 %) over a 
period of time due continuous change of bed morphology, 
particularly at small and moderate values of θc.  
Unlike for steady current, the horseshoe vortex does 
not exist when KC < 6 [24]. For KC ≥ 6, the horseshoe 
vortex starts to develop gradually due to the separation of 
approaching flow under the action of the adverse pressure 
gradient induced by the pile. However, for small values 
of KC (= 6 to 30), the effect of the horseshoe vortex on 
scour is insignificant, as its strength and life period is 
very small [24]. With an increase in KC number, the 
scour process is gradually influenced by the extended life 
period of the horseshoe vortex, which eventually 
becomes dominate mechanism of scour process for KC > 
100 [2]. Sumer et al. [2] gave the following empirical 
equation of scour depth at circular piles under waves:  
)]}6(03.0exp[1{3.1)6( −−−=≥ KCDKCS        (7)  
The idea here is to change the local flow and to 
interrupt the vortex shedding so that the development of 
the scour depth at piles under waves is controlled. To do 
this, splitter-plates were attached to the pile along the 
vertical plane of symmetry [Fig. 1(a)], and the threaded 
pile [Fig. 1(b)] were used. The splitter-plate helped to 
divide the flow by the two sides of the pile. Thus, the 
process of alternate vortex shedding was interrupted, as 
they were separated by the splitter-plate. On the other 
hand, in case of threaded piles, the projection of the 
helical wires that formed the threads disrupts the vortex 
shedding [25]. However, the use of larger thread angles α 
(= 60° and 65°) that can encounter well with the wave 
motion as the line of flow separation on the pile surface is 
almost vertical, were observed to be efficient in 
interrupting vortex shedding. Figs. 2(a-c) display the 
video photographs of different stages of vortex formations 
at unprotected pile, pile with splitter-plate and threaded 
pile. Fig. 2(a) presents (from left to right) the stages of the 
formation of well-defined vortex before shedding from the 
unprotected pile. A strong swirl is formed to carry the bed 
sand into its core. Fig. 2(b) shows the formation of a 
vortex, which is initially well-defined, but unable to shed 
in presence of the splitter-plate and finally breaks down. 
In Fig. 2(c), the vortex is unable to grow to its full form 
due to the helical wires. Finally, a diffused vortex, which 
has little sand carrying capacity, is observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Video photographs of different stages of vortex formation: (a) 
unprotected pile, where vortex is well-defined before shedding; (b) pile 
with splitter-plate, where vortex grows initially and finally breaks down; 
and (b) threaded pile, where vortex is unable to grow in its full form and 
finally diffuses  
 
The experiments were performed for the range of 
Shields parameter θ = 0.14 - 0.191 and KC = 8.3 - 33.8. 
Sumer et al. [2] reported that the horseshoe vortex, being 
the sole mechanism of scour process for KC > 100, acts 
along with vortex shedding to form scour hole for 30 < 
KC < 100. The average reduction of scour depth by the 
splitter-plate was 61.6 %. For threaded piles, different 
combinations of cable and pile sizes were tested, and the 
most efficient combination was found for cable-pile 
diameter ratio of 0.75, in which average scour depth 
reduction was observed as 51.1 %. The average 
reductions of scour depths for other cable-pile diameter 
ratios b/D = 0.33 and 0.5 were obtained as 43.2 and 48.1 
%, respectively. Fig. 3 shows the nondimensional scour 
depth S/D as a function of KC number for unprotected 
and protected piles. The experimental results of 
unprotected piles and the curve of Sumer et al. [2] 
collapse. Here, the reduction of scour depth for protected 
piles is obvious; as the data plots for protected piles are 
quite below the curve of Sumer et al. [2].  
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Figure 3. Nondimensional scour depth S/D as a function of KC number 
for unprotected and protected piles under waves 
B. Scour under Current 
Melville [26] and Dey et al. [10] studied the flow field 
around a pile. The main component features of the flow 
field are the downflow, horseshoe vortex and wake 
vortices. The approaching flow becomes stagnant at the 
upstream face of the pile. Since the approaching flow has 
maximum magnitude at the free surface and decreases to 
zero at the bed, the stagnation pressure decreases in the 
downward direction causing the flow to be driven down 
along the upstream face of the pile. To be more explicit, 
the boundary layer at the pile upstream overcomes a 
strong adverse pressure gradient set up by the pile, 
separating the approaching flow and forming the 
horseshoe vortex. The downflow and horseshoe vortex 
dislodge the bed sand at the pier. Once the scour hole is 
developed, the flow separates from the upstream edge of 
the scour hole. The horseshoe vortex, thus formed, 
migrates downstream by the sides of the pile for a couple 
of pile-diameters before losing its existence becoming a 
part of general flow. The stagnation pressure also 
accelerates the flow by the sides of the pile, resulting in a 
separation of flow at the sides and creating of wake 
vortices at the interfaces to the main flow. The wake 
vortices, which act as a vacuum cleaner to dislodge the 
bed sand, travel downstream with the flow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Vortex flow fields at the upstream plane of symmetry of the 
piles: (a) unprotected pile; (b) single threaded pile; (c) double threaded 
pile; and (d) triple threaded pile 
 
For aforementioned reasons, one possible way of 
controlling scour depth is to weaken and possibly 
interrupt the formation of the downflow and horseshoe 
vortex being achieved by using three types of threaded 
piles (single, double and triple threaded piles) which were 
tested [Fig. 1(b)] under clear-water scour condition for 
V/Vc = 0.9. In steady current, relatively less thread angles 
α (= 15° and 30°) that can encounter with the downflow 
and horseshoe vortex at the upstream face of the pile, 
were provided. In order to recognize the influence of 
threaded piles on the vortex flow field, the flow field in 
equilibrium stage of scour was measured by the ADV. 
The vector plots of the flow fields at the upstream plane 
of symmetry of the piles are shown in Figs. 4(a-d). The 
downflow and the horseshoe vortex are significant for the 
unprotected pile [Fig. 4(a)]. The groove at the upstream 
base of the pile forms by the action of the strong 
downflow. It is evident from Figs. 4(b-d) that there is a 
consistent decrease in magnitude downflow with an 
increase in number of threads formed by wrapping cables 
on the piles. A close observation of the flow field reveals 
that the cable not only reduces the magnitude of 
downflow, but also deflects the horseshoe vortex further 
upstream, resulting in a relatively flat base of the scour 
hole without any groove. Therefore, the scour depth 
reduces to a great extent.  
The outcome of these tests was to identify the 
importance of various geometrical parameters towards 
reduction of scour depth. The maximum reduction of 
scour depth obtained was 46.3 % by using a triple 
threaded pile having thread angle of 15° and cable 
diameter b = 0.1D. Fig. 5 shows the dependency of 
nondimensional scour depth (ratio of scour depth at 
protected pile to scour depth at unprotected pile) on 
cable-pile diameter ratio b/D for different threaded piles 
and thread angles. The scour depth consistently decreases 
with an increasing in cable diameter and number of 
threads. The reduction of scour depth by a triple threaded 
pile is very effective. Moreover, the thread angle of a 
cable wrapped on the pile has a significant role towards 
reduction of scour depth. A relatively less thread angle (it 
is 15° in this study) is found to be more efficient than a 
greater thread angle (it is 30° in this study), as the cable 
can encounter well with the downflow and horseshoe 
vortex to weaken them at relatively less thread angle. 
However, further reduction of thread angle or increase of 
cable diameter with respect to pile diameter is not a 
practicable.  
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Figure 5. Dependency of nondimensional scour depth (ratio of scour 
depth at protected pile to scour depth at unprotected pile) on cable-pile 
diameter ratio b/D for different threaded piles and thread angles under 
steady current 
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IV. CONCLUSIONS 
Methods for reduction of scour depth at vertical 
circular piles under monochromatic waves and steady 
current have been proposed. For scour under waves, 
splitter-plate attached to the pile along the vertical plane 
of symmetry and threaded pile were useful to reduce the 
scour depth at piles. For 6 < KC < 100, the vortex 
shedding is the primary mechanism of scour under waves. 
The average reduction of scour depth by splitter-plate was 
obtained as 61.6 %. For threaded piles, various cable-pile 
diameter ratios were tested and the most efficient cable-
pile diameter ratio was observed as 0.75, which decreased 
scour depth by an average 51.1 %. The average reductions 
of scour depths for other cable-pile diameter ratios of 0.33 
and 0.5 were 43.2 and 48.1 %, respectively. The splitter-
plate separates the flow by the two sides of the pile and 
interrupts the vortex shedding from its natural frequency, 
while for threaded piles, the helical wires that form the 
threads disturbs the vortex shedding. On the other hand, in 
steady current, threaded pile found to be a useful means to 
reduce scour depth at piles to a sizeable extent. Cables 
wrapped spirally on the pile help to weaken the strengths 
of the downflow and horseshoe vortex. The experimental 
results revealed that the scour depth decreases with an 
increase in cable diameter and number of threads, and 
with a decrease in thread angle. In this study, the 
maximum reduction of scour depth obtained was 46.3 % 
by using a triple threaded pile having thread angle of 15° 
and cable-pile diameter ratio of 0.1. These methods to 
control scour are easy to implement and inexpensive.  
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